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The carboxyl-terminal domain (CTD) of the largest 
subunit of eukaryotic RNA polymerase II can be pho^ 
phorylated by a p34*^^*^'*-conlaining CTD kinase. 
Phofiphorylated serine (or threonine) is located at po- 
sitions 2 and 5 in the repetative heptapeptide consensus 
sequence Tyr*-Scr*-Pro'-Thr^-Ser*-Pro*-Ser^. We 
show here that phosphorylation of the mouse CTD 
retards its electrophoretic mobility in sodium dodecyl 
sulfate-polyacrylamide gels in a way similar to that 
observed for the IIo form of the largest subunit of RNA 
polymerase n phosphorylated in vivo. At the maximum 
level of phosphorylation by CTD kinase in vitro, there 
are 15—20 phosphates evenly distributed among the 52 
heptapeptide repeats that comprise the mouse CTD. 
Gel nitration chromatography and sucrose gradient 
ultracentrifugation analyses indicate that phosphoryl- 
ation induces a dramatic conformational change in the 
CTD with the phosphorylated form adopting a far more 
extended structure than the unphosphorylated CTD. 



RNA polymerase II contains an unusual extension of its 
largest subunit that is not present in other multisubunit RNA 
polymerases. This carboxyl-terminal domain (CTD)' is com- 
prised of tandem repeats of the consensus sequence Tyr'-Ser^- 
Pro'-Thr'-Ser^-Pro^-Ser*' (for reviews see Corden, 1990; Woy- 
chik and Young, 1990). The heptapeptide sequence is present 
in RNA polymerase II from a variety of species, being repeated 
from 17 times in Plasmodium falciparum (Li et oLy 1989) to 
52 times in mammals (Corden et aL^ 19ft5). Genetic studies 
have shown that this domain plays an essential role in RNA 
polymerase II function (Allison et al., 1988; Bartolomei et al, 
1988; Nonet et al., 1987; Zehring et ai, 1988); however, the 
nature of this essential function is unknown. 

The CTD can be hyperphosphorylated in vivo, and this 
phosphorylation is associated with an increase in the apparent 
molecular mass of the largest subunit of >20 kDa, greater 
than what can be accounted for by an increase in mass of 
added phosphate (Cadena and Dahmus, 1987). SDS-gel elec- 
trophoresis has demonstrated that the phosphorylated form 
of the largest subunit is the predominant form in vivo (Kim 
and Dahmus, 1986) suggesting that phosphorylation has an 
important function. Recent experiments have implicated 
CTD phosphorylation in the shift from transcription initia- 
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tion to elongation (Laybourn and Dahmus, 1989, 1990). 

Protein kinases that phosphorylate the CTD have been 
isolated either on the basis of their ability to phosphorylate 
heptapeptide substrates (Cisek and Corden, 1989; Stevens 
and Maupin, 1989) or on their ability to cause the character- 
istic shift in electrophoretic mobility of the Ila subunit (Guil- 
foyle, 1989; Lee and Greenleaf, 1989; Payne et al., 1989). Here 
we show that a mouse CTD kinase can cause a shift in the 
electrophoretic mobility of a mouse CTD substrate. Stoichi- 
ometric labeling results in 15-20 phosphates distributed 
evenly among the 52 repeats in the mouse CTD and hydro- 
dynamic studies show that this phosphorylation results in a 
dramatic conformation change in the CTD. 

EXPERIMENTAL PROCEDURES 

In Vitro Phosphorylation of CTDa — For analysis of the time course 
of CTD phosphorylation, a 50-^1 reaction was set up in kinase buffer 
(60 mM KCl, 50 mM Tris HCI, pH 7.8, 10 mM MgClj, 0.1 mM 
dithiothrcitol) with 100 pmol of CTD (prepared as described in the 
accompanying paper), 100 ng of CTD kinase E2 (Cisek and Corden, 
1990) and 4 mM [>--^^P]ATP at a specific radioactivity of 570 cprn/ 
pmol. The reaction mixture was kept at 30 'C and 5->il aliquot* were 
taken at specific time points. The aliquots were mixed with 5 mI of 2 
X SDS sample buffer containing 20 mM EDTA, boiled at 100 'C for 
3 min and loaded on 10% SDS gel. After electrophoresis the SDS gel 
was vacuum dried on 3MM paper and exposed to x-ray film. 

Determination of the Stoichiometry of Phosphorylated CTDn — The 
extent of CTD phosphorylation was determined in two separate 
experiments. In the first experiment a known amount of CTD sub- 
strate was labeled with |7-^^P]ATP of a known specific radioactivity 
by CTD kinase E2. After SDS-PAGE the "P-labeled CTD was 
excised from the gel using the autoradiogram as a template, and its 
radioactivity was determined by liquid scintillation counting. The 
amount of phosphate on the CTD was calculated from the specific 
radioactivity of f y-^P|ATP and the number of phoaphates/CTD was 
obtained from the ratio of the amount of phosphate over the amount 
of CTD in the aliquot. 

In a second experiment, 240 pmol of CTD and 100 ng of CTD 
kinase E2 were incubated at 30 'C for 16 h in 40 ^1 of kinase buffer 
with [7-^''PlATP at a specific radioactivity of 7.25 cpm/pmo). The 
reaction mixture was then chromatographed on an FPLC Superose 6 
HR 10/30 column (see below) and 400-^1 fractions were collected. 
Fractions containing fully phosphorylated ^^P-CTD were identified 
by SDS-PAGE, and the concentration of the CTD was determined 
from its absorbance at 274 nm (assuming the extinction coefficient 
for the CTD at 274 nm was 52 x 1.4 x 10^ cm"' M'', 52 times the 
molar extinction coefficient for tyrosine). 200 ^1 of this [ ^ICTD was 
mixed with 10 ml of high flash point mixture (Research Product 
International Corp.), and the radioactivity was determined by scin- 
tillation counting. The amount of phosphate on *T-CTD was calcu- 
lated from its radioactivity divided by the specific radioactivity of [7- 
'*P]ATP. 

The [7'^PIATP used in the above experiments was prepared by 
mixing the appropriate amount of [7-"? J ATP (Du Pont- New Eng- 
land Nuclear) with preweighed ATP (Sigma) that was freshly dis- 
solved in deionized distilled water and adjusted to pH 7.0 with ] N 
NaOH. A 40-m1 aliquot of ATP was loaded on an FPLC Mono Q HR 
5/5 column equilibrated with 1% buffer B (40 mM Tris- HCI, pH 8.0. 
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2 M NaCl) and eluted by a linear gradient with an increasing of buffer 
B (8%/niI) to 100%. The ultraviolet spectrum of the most radioactive 
fraction was measured to obtain an v4259 value for concentration 
determination. The extinction coefficient for ATP at 259 nm was 
taken as 1.54 x 10^ cm ' M ^ An aliquot of this ATP fraction was 
mixed with 10 ml of high flash point mixture, counted in a liquid 
scintillation counter, and the specific activity (cpm/pmol) of ["y-^P) 
ATP was determined by calcxiJating the ratio of radjoactivity over the 
amount of ATP. 

Distribution of Phosphates on the CTD — Continuous ^P- labeling 
of the CTD by CTD kinase E2 was as described in the accompanying 
paper. At the end of phosphorylation either 1 ^ of sequencing grade 
trypsin (Boch ringer Mannheim) or 1 Mg of Staphylococcus aureus 
(V8) protease (Pierce Chemical Co.) was added to the lO-fi] reaction 
for protease cleavage at 37 'C (trypsin) or 30 'C (V8 protease) for 1 
h. After protease digestion, 10 of 2 x SDS sample buffer was added, 
and the sample was electropboresed on a 12.5% SDS gel. Determi- 
nation of radioactivities of the **P- labeled CTD protease fragments 
was as described above for that of ^-CTD. Relative percentages of 
phosphates on the protease fragments were calculated with the com- 
plete ^-CTD as 100%. 

Pulse-chase ^P- labeling was the same as above except that the 
initial specific radioactivity for [y-^PjATP was 3250 Ci/mmol (28 
fiM). After 30 min the ATP concentration was adjusted to 4 mM with 
non- radioactive ATP, and the reaction was kept at 30 *C for another 

3 h. The rest of the analysis was as described above for that of 
continuously labeled ^-CTTD protease fragments. 

Phosphorylation of the CTD by Casein Kinase II — Phosphorylation 
of the CTD by casein kinase II was the same as described for CTD 
kinase but with 5 ng of casein kinase II (purified by Dr. Lars Cisek 
(Johns Hopkins Medical School) according to the method of Zando- 
meni et al., 1986) replacing CTD kinase. The ^-CTDa phosphoryl- 
ated by casein kinase II and its protease fragments were analyzed as 
described above for CTTD kinase- labeled *^-CTDo. 

Urea-PAGE Separation of PhosphoryUUed CTD Intermediates— 20 
pmol of CTD was phosphorylated as described above by casein kinase 
II in a final volume of 10 fA with (^-'^PIATP at a final concentration 
of 0.1 mM and a specific radioactivity of 1(X)0 Ci/mmol. After 1 h of 
incubation at 30 'C, the volume of the reaction mixture was adjusted 
to 60 >il with kinase buffer, the ATP concentration was adjusted to 4 
mM with nonradioactive ATP, and 100 ng of CTTD kinase was added. 
At specific time points, 5-mI aliquots were taken and immediately 
boiled in 5 >il of sample buffer with 2 M urea substituting for SDS. 
Discontinuous urea -poly aery lamide gels with 5% resolving gels and 
4% stacking gels were prepared as for conventional SDS gels (Laem- 
mli, 1970) except that 2 M urea replaced the SDS. SDS was also 
omitted from the running buffer, and these gels were run for 1.5 times 
the time taken for the bromphenol blue dye to run off the gel. 

Gel Filtration Chromatography of Phosphorylated and Vnphosphor- 
yUUed CTD— Aliquots of "P-labeled CTD, either phosphorylated by 
CTD kinase E2 or phosphorylated by casein kinase II were loaded 
onto a Superoae 6 HR 10/30 column equilibrated with kinase buffer, 
and the proteins were eluted in the same buffer. Aliquots from each 
of the 400-^1 fractions were electropboresed on 10% SDS gels and 
CTD -containing fractions were identified by autoradiography. Stand- 
ards used to calibrate the column were ferritin, catalase, aldolase, 
bovine serum albumin, enolase, and ovalbumin, whose Stoke's radii 
in uniU of 10"* cm are 79.0, 52.2, 47.4, 37.0, 34.1, and 27.6, respec- 
tively. 

Sucrose Gradient Centrifugation of Phosphorylated and Unphos- 
phorytated CTD— 10 pmol of "P-CTDo phospboryUted by CTD ki- 
nase £2 was mixed with 10 ^g each of sedimentation standards: 
aldolase (7.35 S, 1 S * 10"'* a), ovalbumin (3.56 S) and ribonuclease 
(2.00 S) in a fmal volume of 100 m1 kinase buffer. 10 pmol of "P- 
CTDa phosphorylated by casein kinase II was mixed with 10 each 
of sedimentation standards: bovine serum albumin (4.31 S), carbonic 
anhydrase (2.85 S) and cytochrome c (1.83 S) in a final volunoe of 100 
^1 of kinase buffer. The above samples were layered onto two 5.1 -ml 
linear 5-18% sucroee gradients prepared in kinase buffer and ultra- 
centrifuged at 46,000 rpm in a Beckman SW 50.1 rotor for 24 h at 
20 'C. After centrifugation, 350-m1 fractions were collected dropwise 
by puncturing the bottoms of the tubes and 30-^1 aliquots were run 
on 15% SDS geis. After electrophoresis the gel was silver stained 
according to a method of Morrisey (1981) to reveal the standards. 
The gel was then dried and exposed to x-ray film to detect the CTD- 
containing fractions by autoradiography. 



RESULTS 

Phosphorylation of CTDa Causes a Shift of Its Elect ropho- 
retic Mobility — The use of a complete mouse CTD substrate 
has allowed us to carefully examine the phosphorylation re- 
action catalyzed by mouse CTD kinase E2. In the preceding 
paper we showed that phosphorylation of the CTD by mouse 
CTD kinase E2 retards its mobility in SDS gels to a position 
similar to that seen when the in vivo phosphorylated CTD is 
excised from subunit 11© by cyanogen bromide cleavage. 

In this paper we demonstrate the presence of intermediates 
in the phosphorylation reaction and show that during the 
course of the phosphorylation reaction two distinct phases 
are detected by SDS-gel electrophoresis. During the early 
stages of the reaction the mobility of the CTD is progressively 
retarded, while later in the reaction the mobility of the CTD 
actually increases with addition of more phosphates (Fig. la). 
No discrete intermediate bands are detected but rather the 
intermediates form a continuum. We interpret the two stages 
of this reaction in the following way. The earlier phosphates 
added preclude the binding of a number of SDS molecules 
thus decreasing the charge to mass ratio of the CTD. During 
this stage the more phosphates added, the more the mobility 
is retarded. When about 40% of the maximum number of 
phosphates have been added, no SDS can bind to the CTD, 
and the addition of farther phosphates then increases the 
charge to mass ratio and hence the electrophoretic mobility. 

Fig. 16 shows the result of a similar CTD kinase reaction. 
In this case, however, the CTD substrate has been prelabeled 
by phosphorylation with casein kinase II which recognizes 
only 1 or 2 serine residues at the extreme carboxyl terminus 
(see "Experimental Procedures'* and Fig. 3). An excess of 
nonradioactive ATP is added to the reaction before CTD 
kinase E2 is added, and the resulting reaction products, taken 
at various times, are resolved by urea- PAGE electrophoresis 
(see "Experimental Procedures**). Under these conditions, we 
see that the addition of phosphates to the CTD substrate 
increases the charge to mass ratio of the CTD and thus 
increases its electrophoretic mobility. This reaction is essen- 
tially completed at 160 min. Unlike the SDS gel system, the 
urea gel system does not demonstrate a biphasic mobility 
shift. The urea-PAGE system is also able to resolve the 
partially phosphorylated intermediates generated toward the 
end of the reaction; intermediates are not well resolved on 
SDS geU. 

CTD Kinase E2 Adds Less Than One Phosphate/ Heptap^- 
tide Repeat — We have shown by sequencing that CTD kinase 
E2 transfers phosphates to serines and threonines that pre- 
cede proline at positions 2 and 5 in the heptap^tide repeat 
(see accompanying paper). In the mouse (TTD there are 96 
Ser-Pro and 9 Thr-Pro- recognition sites for the mouse CITD 
kinase E2, and we have determined the number of these sites 
phosphorylated in CTDo either by excising the labeled band 
from an SDS gel and measuring its radioactivity in a scintil- 
lation counter or by purifying labeled CTD by gel filtration 
chromatography and determining its concentration by ab- 
sorbance spectroscopy and its radioactivity by scintillation 
counting. Because we know the specific activity of the [y-'H*] 
ATP and the concentration of the CTD substrate (see **Ex- 
perimental Procedures") we can calculate the number of phos- 
phates present on the CTD at the end of the reaction. Cal- 
culated from these data, there are at maximum 15-20 phos- 
phates distributed among the 62 heptapeptidc rQ>eats of the 
mouse CTTD (Fig. Ic). 

Distribution of Phosphates on CTDo— CTD kinase E2 phos- 
phorylates only 15-20 of 104 possible sites in the mouse CTD. 
Are the phosphorylated residues randomly distributed among 
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Fig. 1. Time course of in vitro 
phosphorylation of the CTD by CTD 
kinase E2. Panel a shows a continuous 
labeling of CTD by CTD kinase E2 in 
the presence of It-^'PIATP. At the time 
points indicated* aliquots were taken and 
reactions were terminated by SDS sam* 
pie buffer containing 20 mM EDTA. 
Samples were separated on a 10% SDS 
gel that was dried for autoradiography 
after electrophoresis. The standard mo- 
lecular masses are indicated in kDa at 
the left and the positions of unpbos- 
phorylated CTD {CTDa) and completely 
phosphorylated CTD (CTD©) at right 
Panel b shows a pulse-chase labeling of 
CTD. Initial labeling of CTD was carried 
out by casein kinase H at high specific 
radioactivity and low concentration of 
[7-^iATP. Further phosphorylation 
was achieved by adding CTD kinase at 
time zero after increasing the nonra- 
dioactive ATP concentration. The phos- 
phorylation time course was followed by 
taking aliquots at the specific time 
points and separating CTD intermedi- 
ates on urea- PAGE (see ''Experimental 
Procedures"). The gel was dried and ex- 
posed to show the autoradiograph. Panel 
c. the number of phosphates/molecule of 
CTD at each time point during contin- 
uous labeling <in panel a) was deter- 
mined by scintillation counting of the 
■'^P-CTD regions, calculated from the 
known specific radioactivity of (t-^^P) 
ATP and the known concentration of 
CTD, and plotted as a function of time. 
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the 52 heptap^tide repeats or are they clustered? We have 
taken advantage of several naturally occurring protease sites 
in the mouse CTD to generate CTD fragments and have 
examined their degree of phosphorylation. S. aureus V8 pro- 
tease cuts the mouse CTD into two fragments^ a large one, 
from repeat 2 to 37, and a small one from 37 to 52. Trypsin 
digestion generates a fragment encompassing the region from 
repeat 2 to 31 and a number of small fragments ranging from 
one to four repeats (Fig. 2a), Both continuously and pulse- 
chase CTD kinase f:2-labeled *^-CTD were cleaved by tryp- 
sin or V8 protease, and the proteolytic fragments of the CTD 
were resolved on a 12.5% SDS gel (Fig. 2b). All <rf the three 
major fragments, the largest tryptic fragment and the large 
and small V8 h-agments, are pho^horylated, iruiicating phos- 
phates are not clustered. Quantification of the relative distri- 
bution of phosphates was determined by scintillation counting 
of the excised baiHfe, and the results are summarized in Table 
I. In continuous labeling, the percentage of phosphates on 
each of the fragments is close to the percentage of the bep- 
tapeptide repeats in the fragment, indicating a nearly even 
distribution of phosphates on CTD. The phosphate percent- 
age of the small VS fragment is slightly higher than its repeat 
percentage, while both V8 large and tryptic fragments have 
phosphate percentages lower than their repeat percentages. 
This suggests that the non-consensus region at the end of the 
CTD may actually have on average a few more pho^hatee 
than the consensus region (see Fig. 5 in Corden et at, 1985 
for complete CTD sequence). The distribution of label in the 



pulse-labeled sample is more non-random with a higher per- 
centage of phosphate in the more carboxyl-termiiud repeats. 
These distal repeats contain a number of S€**-Pro^-L^^ se- 
quences (as compared with the Ser*-Pro*-Ser' in the consen- 
sus repeats). The basic regions are closer to the emerging 
p^cdciA^Dca 2 recognition site and have been shown to be 
preferentially phosphorylated by CTD kinase E2 (see accom- 
panying paper). 

Phosphorylation of CTDa by Casein Kinase //— Dahmus 
(1981) showed that casein kinase II phosphorylates subunlt 
Ila in vitrOy and the site of this phosphorylation has recently 
been localized to the CTPD (Payne et ai, 1989). When our 
purified CTDa is ^-labeled by casein kinase II, it migrates 
on SDS gels with an electrophoretic mobility indistinguisha- 
ble from that of unphosphorylated CTDa detected by inunu- 
noblot (Fig. 3, lane 1). After cleavage of casein khiase II- 
labeled '^-CTDa, phosphates are associated with the smaller 
fragment after V8 protease digestion (Fig. 3, lane 3) and with 
small (1-4 heptapeptide repeat) tryptic p^jtides (Fig. 3, lane 
2). Taken together with our previous results that synthetic 
CTD heptapeptides are poor substrates for casein kinase II 
(Cisek and Ck>rden, 1989), these results suggest that the site 
recognized by casein kinase II lies outside the heptapeptide 
repeat region, possibly in the carboxyl -terminal sequence 



J p^«kvcoc« j^jj^ catalytic subunit of a class of cell-cycU regu- 
lated kinases. This 34- kDa subunit is encoded by cdc2^ gene in 
Schizosaccharomyces pombe, and CDC28 in Soocharomyoet eerevisiae. 
See Nurse. 1990 for review. 
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Fig. 2. Distribution patterns of phosphates on CTD. a, sche- 
matic map of the CTD is shown to illustrate the protease cleavage 
sites in mouse CTD, E^ch box represents one heptapeptide repeat S. 
aureus V8 protease cuts at the carboxyl aides of glutamic acids in 
repeats 2, 37, and 52, generating two major fragments. V8 large and 
small. Trypsin cuts at the carboxyl sides of arginines in repeats 2 and 
31, as well as of 8 lysines in repeats 36, 38, 39, 40, 42, 45, 47. and 49 
(not shown), producing a major tryptic fragment and several small 
peptides. 6, ^P-CTD from continuous (lanes 7-5) or pulse-chase 
label ings (lanes 4-6) were loaded either directly or after protease 
cleavages onto a 12.5% SDS gel. The autoradiogram is shown here 
with molecular mass values indicated in kDa at the left and positions 
of uncut CTD (for lane 1 and 4), tryptic fragment (for lanes 2 and 5), 
and V8 large and small fragments (for lanes 3 and 6) at the right. See 
Fig. 5 in Corden et oi. 1985 for complete sequence of CTD. 

Table 1 

Relative phosphate contents of CTDo fragments 





No. of 
R*peau 


Percentage 
of Repeats 
of CTD. 


Percentage of Phospbate* 
Continuous Pulse-cbasa 


CTD« 


52.5 


100.0 


100.0 100.0 


V8 large fragment 


35.5 


67.6 


56.4 42,3 


Tryptic fragment 


29.0 


56.2 


61.1 36.9 


V8 small fragment 


15.0 


28.6 


30.5 39.4 



AISPDDSDEEN-COOH. Casein kinase II thus provides a 
sensitive method for labeling the CTDa without shifting its 
electrophoretk mobility (Payne et ol. 1989). 

A Conformational Change Associated with the Mobility Shift 
of Phosphoryiated CTD— The primary means of demonstrat- 
ing the shift from the Ila to the IIo form of the CTD has been 
SDS-gel electrophoresis. The results of this paper suggest that 
a change in SDS binding is one cause of this shift in mobility. 
It has been proposed, based on an increase in protease sensi- 
tivity of the CTD. that phoephorylation also causes a confor- 
mational change (Layboum and Dahmus^ 1989). Here we 
show directly that this is the case. 

CTD kinase ^-labeled ^-CTDo and casein kinase II- 
labeled ^P-CTDa were centrifiiged at 45,000 rpm for 24 h 
through a 5-18% sucrose gradient together with a set of 
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FiG. 3. In vitro phosphorylation of CTD by casein kinase 
H. CTDa was incubated with mouse casein kinase II in the presence 
of [•y-'^PlATP and the =^-CTDa was loaded either directly {kme 1) 
or after trypsin (tone 2) and V8 protease (larte 3) digesti(ms onto a 
12.5% SDS gel. See Fig. 2a for the cleavage sites of trypsin and V8 
protease on CTD. The autoradiogram of the gel is shown with 
molecular mass values indicated in kDa at the left. 

standard proteins and analyzed by SDS-PAGE (see "Experi- 
menUl Procedures"). Svedberg values {Sso^^) for CTD© and 
CTDa obtained from the standard curve are 2,9 S and 2.2 S, 
respectively (Fig. 4a). Such a major difference in sedimenta- 
tion coefficients cannot be explained by the nuiss difference 
between CTDa and CTTDo, which is only 3% assuming 15 
pho^hates. Assuming that the CTD approximates a free- 
draining polymer, CTDo and CTDa would be expected to have 
sedimentation coefficients independent of their masses (Can- 
tor and Schimmel. 1980). In this case, the main cause of 
different sedimentation behaviors for CTDo and CTTDa would 
derive from differences in their degree of extension. 

Significant conformational differences between CTDa and 
CTDo were also apparent in gel filtration chromatc^phy. 
From the standard calibration curve derived from Superoee 6 
chromatography, CTDsl has an i^parent Stoke's radius of 3.8 
X 10"^ cm while CTDo has a value of 8.2 x 10"' cm (Fig. 46). 
CTDa with a M, of 39,883 elutes close to bovine serum 
albumin, a 65-kDa protein, indicating that CTDa has a 
slightly extended structure. (JTDo elutes much earlier, at a 
point close to ferritin, a 130-kDa protein, imiicatin g Uu t 
CTDo is highly extended. Partially phosphorylated CTDt 
elute at points between CTDa and CTDo (data not shown), 
suggesting that the changes are continuous rather than co- 
operative. The apparent Stoke's radii of CTTDo and CTDa are 
independent of concentration over a 100-fold range, indicating 
that aggregation is not occurring. The results of these hydro- 
dynamic studies thus indicate that the eJectrophoretic mobil- 
ity difference between CTDo and (JTDa corresponds to a 
conformation change catised by phosphorylation- 

DISCUSSION 

We have previously described the identification and puri- 
fication of CTD kinases from mouse ascites tumor cells (Cisek 
and Corden, 1989, 1990). The CTD kinase used in thia study, 
CTD kinase E2, conUins a p34e**'«**«2 catalytic subunii and 
recognizes Ser-Pro and Thr-Pro sites in the CTD (see accom- 
panying paper). The ratio of pbosphoserine to phosphothre- 
onine in the CTD labeled in vitro by CTD kinase E2 is similar 
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Fig. 4. Hydrodynamic properties of the phosphorylated and 
unphosphoryLated CTD. a, determination of sedimentation coeffi- 
cienta for CTDo and CTDa. ^-Labeled CTDo and CTDa were layered 
on linear 5-18% sucrose gradients with standards and centrifuged at 
45,000 rpm x 24 h. Aliquots of the fractions were run on a 15% SDS 
gel. Standards in the fractions were detected by silver staining, and 
CTDo and CTDa were revealed by autoradiography. The sedimenta- 
tion coefficients of standards are plotted as a function of fraction 
number. The positions of CTDo and CTDa are indicated with orrotx;^ 
and correspond to Svedberg values of 2.91 S and 2.24 S, respectively. 
6, determination of the aj^rent Stoke' s radii of CTDo and CTDa. 
'^P- Labeled CTDo and CTDa were chromatographed by gel filtration 
on an FPLC Superoee 6 HR 10/30 column, Elution points for CTDo 
and CTDa were determined by autoradiograph after SDS-PAGE. 
Elution volumes for standards were determined by their UV absorb- 
ances at 280 nm on the FPLC UV monitor. For each ^}ecie8 the 
partition coefficient was calculated from its elution volume (V,), 
the void volume of the column ( Vq = 7.85 ml, as determined by the 
elution point of dextran blue) and the total volume of the column ( V, 
= 15.7 ml), according to the equation =- ( V, - Vo)/( V, - Vo). K„ 
is plotted as a function of Stoke's radius. The apparent Stoke's radii 
for CTDo and CTDa are 86.5 x lO"* cm and 37.5 x 10~* cm, 
respectively, as indicated by arrows, 

to the ratio observed in the in vivo labeled mouse CTD (see 
accompanying paper), supporting the idea that CTD kinase 
.E2 or an enzyme with a similar specificity phosphorylates the 
CTD in vivo. In this paper we show that phosphorylation of 
a mouse CTD substrate in vitro causes a shift in electropho- 
retic mobility similar to that seen when the CTD is phos- 
phorylated in vivo. Furthermore, the CTD adopts a far more 
extended structure as a result of this phosphorylation. 

From analysis of the intermediates in the CTD phosphoryl- 
ation reaction, we conclude that CTD phosphorylation pro- 
ceeds by a stochastic, rather than a processive mechanism. 
The reactions shown in Fig. 1 are carried out in a >40:1 excess 
of substrate. Thus, if the reaction is processive we should see 
fully shifted CTD while some of the substrate has not yet 
been phosphorylated. That this is not so is most clearly 
evident in Fig. \b where the substrate is prelabeled with casein 
kinase IL Fully phosphorylated CTD does not appear until 



all of the substrate is partially pho^horylated. Two recent 
papers have reported the isolation of protein kinases that 
shift the mobility of the largest subunit in what appears to be 
a processive fashion (Lee and Greenleaf, 1989; Payne et aL, 
1989). These studies used intact RNA polymerase or CTD- 
fusion protein substrates, and it is iDossible that in these cases 
the CTD kinase interacts with the polymerase or fusion 
protein in such a way that the enzyme is tethered near to the 
substrate giving rise to apparent processivity. Whether a 
similar situation arises in vivo has not been determined. 

The ability to separate different subforms of RNA polym- 
erase II by SDS-PAGE has given rise to the notion that two 
distinct subspecies exist in vivo, the unphosphorylated II a 
form and the phosphorylated IIo form. By examining the time 
course of phosphorylation shown in Fig. lo, it is evident that 
SDS-PAGE suffers from severe limitations because the degree 
of mobility retardation is not proportional to the level of 
phosphorylation. Thus, when SDS gels are used to analyze 11© 
labeled in vivo, considerable changes in the level of phos- 
phorylation might go undetected. Indeed, at the later times of 
the reaction shown in Fig. la there is up to a 4-fold change in 
the level of phosphorylation with a minimal change in elec- 
trophoretic mobility. The urea- PAGE system described here 
is more sensitive to changes in (TTD pho^horylation and 
may allow the resolution of multiple IIo subspecies that are 
not evident from SDS-PAGE experiments. 

Another source of heterogeneity in CTD phosphorylation 
comes from the observation that only 15-20 of the possible 
phosphorylation sites are occupied after phosphorylation by 
CTD kinase in vitro. Digestion by proteases has shown that 
these phosphates are initially added preferentially to the non- 
consensus carboiyl -terminal repeats, but at the end of the 
reaction the phosphates are fairly evenly distributed. Whether 
the same 15-20 sites are used on every CTD molecule, or 
whether 15-20 sites are selected at random has not been 
determined. 

We have considered several possible explanations for the 
limited use of possible CTD kinase phosphorylation sites. 
First, the kinase we have studied may be one of several kinases 
in mouse cells that phosphorylate the CTD. In fact, we have 
isolated a second CTD kinase activity from mouse cells (Cisek 
and Corden, 1990). Furthermore, other kinases have been 
described in yeast, plant, and human cells that differ in some 
respects from the mouse CTD kinase (Guilfoyle, 1989; Lee 
and Greenleaf, 1989; Payne et oL, 1989; Stevens and Maupin, 
1989). Perhaps different CTD kinases can phosphorylate dis- 
tinct or partially overlapping sets of sites in the CTD. A 
second possible reason that not all sites are phosphorylated 
could be is that the addition of 15-20 phosphates could resxilt 
in an inhibitory concentration of negative charges on the 
substrate. Finally, phosphorylation may alter the structure of 
the CTD such that neighboring unphosphorylated sites are 
not recognized by CTD kinase. Consistent with this interpre- 
tation is our observation that CTD kinase will phosphorylate 
peptides containing four heptapeptide repeats more readily 
than those with three. Heptapeptides containing only two 
repeats do not serve as substrate, presumably because they 
cannot fold into the appropriate secondary structure. 

Although the structure of the WD is not known, empirical 
predictive techniques (Chou and Fasnum, 1978) suggest a low 
probability of a-helix or ^-sheet formation and a higher 
probability of turns. Any regularly repeatinir structure is likely 
to be extended and have helical symmetry. Models of such 
structures have been predicted from energy minimization of 
a polyproline helix (Matsushima et aL, 1990). From consid- 
eration of the Sao,, values and Stoke's radii determined here, 
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we conclude that the iinphosphorylated CTD has a relatively 
compact structure. Upon phosphorylation this structure un- 
folds such that the Stoke*8 radius significantly increases. One 
possibility is that serine hydroxyl groups are originally in- 
volved in hydrogen bonding and that phosphorylation of these 
hydroxyl groups eliminates these hydrogen bonds and desta- 
bilizes the folded structure. Alternatively, the negative charges 
provided by the pho^hates may offer sufficient repulsive 
force to destabilize the CTD. Turn structures have been 
proposed for SPXX motif in the CTD (Suzuki, 1990) and to 
comprise the p34«*<^2/cLx:28 recognition site (Moreno and Nurse, 
1990). 

Although the function of the CTD is not known, several 
models have been proposed (CJorden et aLj 1985; Allison et al, 
1985; Sigler, 1988). Perhaps the most interesting possibility 
is that the CTD is involved in formation of the preinitiation 
complex of promoter DNA, transcription factors, and RNA 
polymerase II. Dahmus and colleagues (Layboum and Dah- 
mus, 1990) have shown that Ila is converted to IIo after the 
formation of the preinitiation complex but before transcrip- 
tion initiation. Phosphorylation and the associated confor- 
mational change in the CTD could serve to release the CTD 
from interactions with transcription activating factor-pro- 
moter DNA complex. One implication of this model is that 
CTD kinase is in the preinitiation complex. We have observed 
that our CTD kinase activity partitions with transcription 
factors E and F.^ Further studies of CTD kinase and the 
preinitiation complex will be necessary to more carefully 
define the role of CTD phosphorylation. 
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